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Background: TFIID/SAGA histone fold-containing subunits contain conserved additional domains of unknown
function.
Results: The large TAF6 conserved C-terminal domain contains HEAT repeats and influences TAF6-TAF9 complex
formation.
Conclusion: TAF6 C-terminal domain is important for TFIID assembly and may trigger signals from transcriptional
effectors.
Significance:Thenoncanonical nature ofTFIID/SAGAhistone fold-containing subunits appears essential for assembly of these
complexes.

Thegeneral transcription factorTFIID recognizes specifically
the core promoter of genes transcribed by eukaryotic RNA
polymerase II, nucleating the assembly of the preinitiation com-
plex at the transcription start site. However, the understanding
in molecular terms of TFIID assembly and function remains
poorly understood. Histone fold motifs have been shown to be
extremely important for the heterodimerization of many TFIID
subunits. However, these subunits display several evolutionary
conserved noncanonical featureswhen comparedwith histones,
including additional regions whose role is unknown. Here we
show that the conserved additional C-terminal region of TFIID
subunit TAF6 can be divided into two domains: a small middle
domain (TAF6M) and a large C-terminal domain (TAF6C). Our
crystal structure of theTAF6Cdomain fromAntonospora locus-
tae at 1.9 Å resolution reveals the presence of five conserved
HEAT repeats. Based on these data, we designed several
mutants that were introduced into full-length human TAF6.
Surprisingly, the mutants affect the interaction between TAF6
and TAF9, suggesting that the formation of the complex
between these two TFIID subunits do not only depend on their
histone fold motifs. In addition, the same mutants affect even
more strongly the interaction between TAF6 and TAF9 in the
context of a TAF5-TAF6-TAF9 complex. Expression of these
mutants in HeLa cells reveals that most of them are unstable,
suggesting their poor incorporation within endogenous TFIID.

Taken together, our results suggest that the conserved addi-
tional domains in histone fold-containing subunits of TFIID
and of co-activator SAGA are important for the assembly of
these complexes.

Transcription initiation by eukaryotic RNA polymerase II
requires the binding at the core promoters of several general
transcription factors (TFIIA,2 -B, -D, -E, -F, -H) that correctly
position RNA polymerase II at the transcription start site and
subsequently initiate promoter clearance (1, 2). TFIID, a large
multiprotein complex composed of 15 well conserved subunits
(the TATA box-binding protein (TBP) and 14 TBP-associated
factors, TAF1 to TAF14), binds specifically to core promoters
and initiates the recruitment of the other general transcription
factors and RNA polymerase II over the transcription start site
(2–4).
Recruitment of TFIID is carried out by interaction of its sub-

units with transcriptional activators as well as its specific rec-
ognition of promoter elements such as the TATA box (TBP),
the initiator (TAF1 and TAF2), as well as the downstream pro-
moter element and themutation ten element (TAF6 andTAF9)
(4, 5). In metazoans, recognition of the doubly acetylated H4
histone tail by the tandem bromodomains of TAF1 and the
trimethylated lysine 4 of histone H3 (H3K4me3) by TAF3 PHD
(plant homeo domain) domain also contributes to TFIID
recruitment at promoters (6, 7).
Recently, electron microscopy (EM) studies at 20 Å resolu-

tion have shed light on theTFIIDmechanism (8). Upon recruit-
ment by the Rap1 transcriptional activator, and in the presence
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of TFIIA, TFIID binds to a TATA box-containing promoter by
inducing the formation of a DNA loop. This process appears to
lock TFIID onto promoter DNA, suggesting the first steps of
the assembly of the transcription preinitiation complex. How-
ever, despite these first results, the mode of action of TFIID at
the molecular level still remains poorly understood. Notably,
high resolution structural data on the whole complex are still
crucially missing, such data being difficult to obtain due to the
large size and the intrinsic flexibility of this complex.
Nevertheless, many biochemical and structural studies have

provided information on the structure of submodules of TFIID
as well as on TFIID assembly. Notably, the histone fold motif
has been shown to play an essential role for the dimerization
of several TAFs, and five different histone-like pairs (TAF4-
TAF12, TAF6-TAF9, TAF10-TAF3, TAF10-TAF8, and TAF11-
TAF13) have been characterized so far (9–17). It has been pro-
posed that a histone octamer-like substructure (formed by the
pairs TAF4-TAF12 and TAF6-TAF9) exists in TFIID, and such
a complex has been reconstituted in vitro with the yeast pro-
teins (18, 19). Moreover, immunolabeling experiments cou-
pled to EM studies as well as biochemical studies have
revealed that each histone-like pair in TFIID is present twice
in the complex, each pair being found in two different lobes
of TFIID (20, 21).
Histone fold-containing TAFs (HFTs) are not sufficient to

form a stable subcomplex within TFIID, and theWD40 repeat-
containing TAF5 subunit appears important for integrating
HFTs into a single subcomplex (22, 23). In agreement, in yeast,
TAF5 and four HFTs (TAF6, TAF9, TAF10, and TAF12) are
shared between TFIID and the transcriptional co-activator
SAGA, suggesting that they form the structural core of these
complexes (24, 25). In metazoan SAGA, these HFTs are also
shared, with the exception of TAF5 and TAF6, which are
replaced by paralogues, namely TAF5L and TAF6L (25). In
addition, the other HFTs specific to TFIID are replaced in
SAGAby specific histone fold-containing subunits (Ada1, Spt3,
and Spt7L), suggesting away to form two differentmultiprotein
transcriptional activators with the same structural core (4, 12).
Although the histone fold motifs of the HFTs have drawn

most of the attention on these TAFs, thosemotifs have not kept
the high positive charge of the canonical histones, suggesting
that their primary role is not DNAbinding but rather dimeriza-
tion, and possibly multimerization. In addition, the HFTs often
have additional regions whose role remains elusive. It is not
clear whether these additional regions, the histone fold motifs,
or both, are responsible for the assembly of higher order struc-
tures within TFIID.
TAF6 contains one of these additional regions. This region is

located at its C terminus and has been evolutionary conserved.
Surprisingly, despite this strong conservation, it has been pro-
posed that this region is not essential for TFIID assembly (26).
This result is, however, in contradiction with the fact that a
human TFIID complex incorporating the TAF6 isoform
TAF6�, which lacks the central part of its histone fold domain,
still retains all TAFs except TAF9 (27), suggesting that other
regions of TAF6 are required for integration of this TAF within
TFIID.

To address this issue, we have performed biochemical and
structural studies on the conserved C-terminal region of TAF6.
This C-terminal region appears to be formed by two domains: a
smallmiddle domain and a largerC-terminal domain. The crys-
tal structure of the larger C-terminal domain of TAF6 from
Antonospora locustae reveals that it is constituted of five HEAT
repeats, a motif generally involved in protein/protein interac-
tions. Surprisingly, mutations of conserved residues at the sur-
face of this C-terminal domain in full-length human TAF6
cause the weakening of the interactions between TAF6 and
TAF9. Moreover, introduction of these TAF6 mutants in the
context of a TAF5-TAF6-TAF9 complex appears to weaken
even further the TAF6-TAF9 complex, suggesting conforma-
tional changes in the TAF6-TAF9 complex upon TAF5 bind-
ing. Expression of thesemutants in HeLa cells shows that many
of themare less stablewhen comparedwith thewild typeTAF6.
These results suggest that these mutants are poorly incorpo-
rated within TFIID and submitted to degradation inside the
cell. Taken together, our results suggest that (i) formation of
histone fold-containing heterodimers within TFIID does not
simply rely on the histone fold motif of each partner and (ii)
TFIID assembly is an intricate process possibly requiring con-
formational changes thatmay be important for TFIID function.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification—The various con-
structs used were amplified by standard PCR procedures and
inserted in the pnEA-tH (28) expression vector using NdeI and
BamHI restriction sites. Expression of all proteins was made
using Escherichia coli BL21(DE3) cells (Novagen) in 2� LB
medium for native proteins or using B834(DE3) cells (Novagen)
in M9 medium supplemented with selenomethionine (Sigma)
for selenomethionylated proteins. Cells were grown at 37 °C to
an absorbance of 0.3 at 600 nm, and the temperature was then
switched to 25 °C. Growth was then carried on until cells
reached an absorbance of 0.8–1.0 at 600 nm. Expression was
induced by adding a final concentration of 1 mM isopropyl-�-
D-thiogalactopyranoside (Euromedex), and cells were further
grown overnight at 25 °C. Cells were collected by low speed
centrifugation, resuspended in buffer A (10 mM Tris, pH 8.0;
400 mM NaCl), and lysed by sonication. The soluble fraction
recovered by high speed centrifugation was mixed with 1 ml of
Talon resin (Clontech). After a 1-h incubation, the supernatant
was removed, and the resin was washed extensively with buffer
A. The resin was then resuspended in 2 ml of buffer A, and
bovine thrombin (Sigma) was added overnight at 4 °C for cleav-
ing off the histidine tag. The supernatant was recovered and
applied onto a gel filtration column HiLoad 16/60 Superdex 75
(Amersham Biosciences) equilibrated with buffer A. The puri-
fied proteins were concentrated on Microsep 10K Omega (Pall
Filtron) to a final concentration of around 5 mg/ml as assayed
with the Bio-Rad protein assay (Bio-Rad).
Crystallization—The A. locustae TAF6C domain (residues

164–355) was crystallized by mixing 2 �l of protein solution
with an equal volume of the reservoir solution containing 0.1 M

CHES (Sigma), pH 9.5, and 10% (w/v) PEG3350 (Fluka). Crys-
tals grew within a few days to reach an approximate size of
0.15 � 0.15 � 0.05 mm3. For data collection, crystals were
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briefly transferred in a cryoprotectant solution of 0.1 M CHES,
pH 9.5, 10% (w/v) PEG3350, and 25% glycerol (Fluka) and
quickly frozen in liquid ethane.
Data Collection and Structure Determination—Initial in-

house data collection revealed that A. locustae TAF6C crystals
belong to space groups P21. To solve the phase problem, crys-
tals were grown with selenomethionylated protein. Due to the
relatively rapid decay of the crystals upon x-ray exposure at
synchrotron sources, only single wavelength anomalous dif-
fraction experiments could be performed on these crystals at
the selenium peak wavelength. Data collection on single native
and selenomethionylated crystals was carried out on beamline
ID14H4 at the European Synchrotron Radiation Facility. Data
at 1.9 Å resolution for native and 2.4 Å resolution for selenome-
thionylated crystals were obtained (see Table 1). All data were
processed and scaled using HKL2000 (29). Location of sele-
nium atoms was done using Shake and Bake (30), their posi-
tions were refined within the phasing program SHARP (31),
and the phases were further improved with the solvent flatten-
ing program SOLOMON (32).
Model Building and Refinement—Eight �-helices could be

built in the initial single wavelength anomalous diffraction
experimental electron density map at 2.4 Å resolution. Unfor-
tunately, this information was not sufficient to improve the
quality of themap.We therefore used this initial model and the
native 1.9 Å resolution data for phase improvement within
ARP/wARP (33). The resulting map was of sufficient quality to
build the rest of the model. This model was further refined by
cycles of manual building within TURBO-FRODO and Coot
(34) and refinement with REFMAC (35) and BUSTER (36). The
structure shows good deviations from ideal geometry (see
Table 1), with no Ramachandran outliers.
The TAF6C domains from A. locustae, yeast, and human

show almost identical values for pairwise identity (around 28%)
and similarity (around 47%). Based on these numbers, we could
confidently make models of yeast and human TAF6C domains
by usingMODELLER (37). As expected,major differences were
located within the loop regions and in the last HEAT repeat,
which shows lower sequence similarity. We used this informa-
tion subsequently for the design of our mutants and chose res-
idues formutations that were located in regions where the con-
fidence on model quality was high. The models are available
upon request.
Purification of the Baculovirus-expressed Human TAF6-

TAF9 and TAF5-TAF6-TAF9 Complexes—All hTAF6 mutants
were constructed using nested PCR protocols, and the cDNAs
were inserted in the pVL1392 vector to encode the full-length
human TAF6 with a FLAG tag at the N-terminal end of all the
mutant proteins. These vectors were used to produce baculovi-
ruses using standard procedures.
Sf9 cells were simultaneously infected with the different

baculoviruses that express His-hTAF5, FLAG-hTAF6, or
FLAG-hTAF6 mutants, and hTAF9, respectively. All wild type
constructs used to generate the baculoviruses were described
previously (38).
Cells were lysed 48 h after infection in a buffer containing

protease inhibitors, 400mMKCl, 20mMTris-HCl (pH 7.9), 20%
glycerol, and 2mMDTTby three cycles of freeze-thawing. Cells

were grown in a 75-cm2 Falcon flask, resuspended in 400 �l of
buffer, lysed, and centrifuged, and the soluble proteins were
used for immunoprecipitation.
Immunoprecipitation, Western Blot, and Coomassie Blue

Staining Analyses of TAF6-TAF9 and TAF5-TAF6-TAF9
Complexes—First, soluble Sf9 cell extracts were diluted to 100
mM KCl with immunoprecipitation buffer (25 mM Tris-Cl, pH
7.9, 10% (v/v) glycerol, 0.1% Nonidet P-40, 0.5 mM dithiothre-
itol, 5 mMMgCl2). Next TAF6-containing complexes were iso-
lated by immunoprecipitation with a mouse monoclonal M2
antibody (ANTI-FLAG�M2 affinity gel-purified immunoglob-
ulin beads, Sigma-Aldrich, product number A2220). Immuno-
precipitation was carried out by an overnight incubation of 250
�l of diluted protein extract with 100 �l of affinity-purified
ANTI-FLAG� M2 antibody-coupled beads. Beads with M2
antibody-bound protein complexes were washed three times
with immunoprecipitation buffer containing 500 mM KCl
and twice with immunoprecipitation buffer containing 100
mM KCl. Immunoprecipitated proteins were eluted by an
excess (2 mg/ml) of the corresponding FLAG epitope pep-
tide and then boiled in sodium dodecyl sulfate (SDS) sample
buffer and separated by SDS-polyacrylamide gel electropho-
resis (PAGE).
Proteins were either visualized by staining the gels with Coo-

massie Blue or transferred to nitrocellulose membrane and
probed with the indicated primary antibodies. Chemilumines-
cence detection was performed according to the manufactur-
er’s instructions (Amersham Biosciences). The rabbit poly-
clonal antibody (pAb 2282) raised against hTAF9 and the
monoclonal anti-hTAF6 (25TA 2G7) and anti-hTAF5 (1TA
1C2) antibodies were described previously (23, 39).
In Vivo Expression in HeLa Cells—For cell transfection

assays, the wild type and mutant TAF6 proteins have been
cloned into the pCDNA3.1 vector using the NheI/NotI restric-
tion sites of this vector. The baculovirus vectors harboring
these different proteins have been used as templates for the
PCR reactions that were also used to FLAG tag the TAF6 pro-
teins C-terminally. HeLa cells (5 � 106) were transfected in
90-mm dishes with 7 �g of the different expression vectors by
using JetPEI (PolyPlus Transfection). Human HeLa cells were
lysed 48 h after transfection in 100 �l of buffer/dish containing
protease inhibitors, 400mMKCl, 20mMTris-HCl (pH 7.9), 20%
glycerol, and 2 mM DTT by three cycles of freeze-thawing.
Extracts were then centrifuged, and the soluble proteins were
used for immunoprecipitation (see above).

RESULTS

Domain Organization of TAF6—The homology of the TAF6
histone fold with histone H4 has rapidly retained most of the
focus on this small N-terminal domain (17, 18, 40–42). How-
ever, the C-terminal region of TAF6 is also well conserved
throughout evolution,with the exception of its veryC-terminus
(Fig. 1A). Specifically, the conservedC-terminal region of TAF6
is more than four times bigger than the histone fold motif and
starts immediately after the histone fold, suggesting that these
two regions may be functionally linked.
To understand the functional role of the TAF6 C-terminal

region, we have started its biochemical and structural charac-
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terization. The proteins from four organisms were used:
human, Saccharomyces cerevisiae (thereafter termed yeast),
and the two eukaryotic intracellular parasites Encephalitozoon
cuniculi and A. locustae. We use these two latter organisms as
model organisms for structural studies because their proteins

are generally shorter than their higher eukaryotic orthologues
but still retain the same domain organization (43–46). Specifi-
cally, the C-terminal region of the TAF6 proteins from these
two organisms ends exactly where the C-terminal conservation
of TAF6 finishes (Fig. 1A).

FIGURE 1. Domain organization of TAF6 and sequence alignment of the TAF6C domain. A, schematic representation of the putative domain organization
of TAF6 from E. cuniculi, A. locustae, S. cerevisiae, and Homo sapiens with their corresponding amino acid numbering. The colored boxes indicate the evolution-
ary conserved regions. HFD, histone fold domain; TAF6M, middle domain; TAF6C, C-terminal domain. B, multiple sequence alignment of the evolutionary
conserved TAF6C domain from different species, as indicated. Human TAF6L was also included in the alignment. Different levels of gray shading indicate
distinct levels of conservation. The numbering above and in the middle of the alignment corresponds to the TAF6 proteins from A. locustae and H. sapiens,
respectively. The numbers at the end of each row correspond to the sequence displayed on the row. The red cylinders depict the �-helices observed in the
structure of A. locustae TAF6C. � symbols above the sequences mark residues that are participating in the A. locustae TAF6C evolutionary conserved positive
electrostatic patch. Symbols underneath the sequences indicate the residues mutated: m1 (*), m2 (YY), m3 (&), m4 (#), m5 (§), m6 (@), m7 (P), and m8 (A).
Symbols that are circled indicate the residues that have been used to creates single point mutants m9 to m16 (see also Tables 2 and 3). The alignment was
created with Aline (53). S. pombe, Schizosaccharomyces pombe.
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Despite numerous trials, initial crystallization attempts of
the TAF6 conserved C-terminal region from the four organ-
isms studied were unsuccessful. Sequence analysis suggested
that this region can be divided into two domains. The first
domain (TAF6middle domain; TAF6M) encompasses about 70
residues immediately after the histone fold motif. TAF6M is
separated from the second domain (TAF6 C-terminal
domain; TAF6C) by a poorly conserved stretch of 20–50
residues. The TAF6C domain forms the larger part of the
TAF6 conserved C-terminal region, spanning about 220 res-
idues (Fig. 1, A and B).
Secondary structure prediction suggests that both TAF6M

and TAF6C domains have different secondary structure con-
tent. Specifically, predictions do not clearly indicate the kind of
secondary structure elements present in TAF6M, with propen-
sities for �-helices, �-strands, and coil being relatively equal
over the whole domain. In contrast, the TAF6C domain is
clearly predicted as purely �-helical. We reasoned that the
putatively poorly folded TAF6M domain could have prevented
the crystallization of the full C-terminal region of TAF6. We
therefore expressed, purified, and submitted to crystallization
trials the TAF6C domains of the human, yeast, E. cuniculi, and
A. locustae TAF6 proteins.
The Conserved TAF6C Domain Is Formed of Five HEAT

Repeats—Plate-shaped crystals were obtained with the
A. locustae construct. Despite their small thickness, some of the
crystals showed diffraction better than 2 Å resolution at syn-
chrotron sources, and a complete data set at 1.9 Å resolution
could be collected from a single crystal with good data collec-
tion statistics (Table 1). Structure determination was carried
out by collecting single wavelength anomalous diffraction data
at 2.4 Å resolution on crystals grown with selenomethionine-
substituted protein. After improvement of the initial single
wavelength anomalous diffraction map by solvent flattening, a
few helices could be located in the electron density butwere not
sufficient for improving the quality of themap. Therefore, these

helices were positioned by rigid body in the 1.9 Å native map,
and the electron density was improved using ARP/wARP (33).
The resultingmap was of sufficient quality to build the rest

of the protein. The final model includes all but the last C-ter-
minal residue and 178 water molecules and has an R-factor
and an Rfree of 16.9 and 22.3%, respectively, with good devi-
ations from the ideal geometry (Table 1). Inspection of the
electron density also revealed the presence of two CHES
molecules at the interface of symmetry-related molecules,
explaining the absolute requirement for CHES in the crys-
tallization condition.
Analysis of the final model revealed the presence of five

HEAT repeats tightly packed against each other, defining a sin-
gle structural domain (Fig. 2A). HEAT repeats are formed of a
single helical hairpin formed by two �-helices (�A and �B).
HEAT repeats are known protein/protein interaction motifs
that are found repeated several times in many proteins (47).
Specifically, when found in large numbers in proteins, these
repeats adopt a superhelix conformation. This is clearly not the
case in the TAF6C domain due to the small number of repeats,
which is not sufficient to adopt a helical conformation. In fact,
this domain resembles more a paving stone with six faces
(Fig. 2A).
Because HEAT repeats are generally found repeated many

times in proteins harboring this kind of motif, the question
remains whether more repeats are present in TAF6. As already
mentioned, the TAF6M domain is not predicted to have a high
helical content and is separated from the TAF6C by a noncon-
served region of variable length, thus suggesting that it adopts a
different fold. Inspection of the conformation of theN-terminal
residues in our TAF6C structure confirms that their packing is
incompatible with the extension of the HEAT repeats at the N
terminus of TAF6C. Although it cannot be excluded that the
truncation of the protein leads to a different conformation of
these N-terminal residues, the poor helical propensity and the
poor conservation of the residues preceding the TAF6C
domain argue against an extension of the HEAT repeats at the
N terminus of the TAF6C.
The A. locustae TAF6 protein terminates exactly with the

last HEAT repeat, which corresponds exactly to the position
where the conservation of the TAF6 finishes (Figs. 1 and 2A).
Based on the A. locustae structure and our multiple sequence
alignment, wemodeled the conserved yeast and humanTAF6C
domains, which revealed that both proteins can adopt the same
fold without any steric clashes. Nonetheless, these latter two
proteins are longer than theA. locustae and E. cuniculi proteins
(about 50 and 250 additional residues for the yeast and human
TAF6, respectively). Secondary structure predictions suggest
the presence of helices in the remaining C-terminal region of
yeast and human TAF6, notably in the regions immediately
following the conserved TAF6C domain. Thus, it cannot be
excluded that the yeast and human TAF6 proteins encode a
small number of additional C-terminal HEAT repeats, but the
length of the TAF6 protein precludes that a large number of
these repeats are present in the TAF6 protein, as observed in
other proteins.
Analysis of the electrostatic potential at the surface of the

TAF6C domain reveals a rather large positively charged patch

TABLE 1
Crystallographic statistics

Native Se-Met peak

Data collection statistics
Wavelength (Å) 0.9793 0.9793
Space group P21 P21
Cell constants
a (Å) 33.79 33.76
b (Å) 50.69 50.67
c (Å) 67.29 67.42
� (°) 100.81 100.64

Resolution (Å) 50-1.90 50-2.38
Reflections (measured/unique) 113119/17911 83645/17423
Redundancy (overall/last shell) 3.7/3.3 1.9/1.6
Completeness (%) (overall/last shell) 99.5/99.6 98.5/89.1
Rsym (%) (overall/last shell) 4.6/34.1 3.4/7.4
I/�(I) (overall/last shell) 30.6/3.8 22.4/10.1

Refinement statistics
Resolution (Å) 18.5-1.90
Number of protein atoms 1577
Number of small molecule and water
molecules atoms

211

Number of reflections (F � 0) (all/test set) 17887/915
R-factor (%) 16.9
Rfree (%) 21.5
Deviations from ideal geometry
Bonds (Å) 0.01
Angles (°) 0.95

Mean temperature factors (Å2) 30.2
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on one face of the TAF6C domain that could be indicative of a
specific electrostatic interaction surface (Fig. 2, B andC). Inter-
estingly, analysis of the electrostatic potential at the surface of
the modeled human and yeast TAF6C domains reveals that
only this positive patch is conserved between these three
domains (Fig. 3), suggesting that it is important for TFIID
assembly and/or function.
The Conserved C-terminal Domain of Human TAF6 Is

Important for Interactions with TAF9 and TAF5—We next
sought to understand the role of the TAF6 HEAT repeats, con-
sidering their strong evolutionary conservation. From (i) the
structure of the A. locustae TAF6C, (ii) the established models

of the yeast and human TAF6C, and (iii) the multiple sequence
alignment, we listed a certain number of exposed conserved or
semiconserved residues that could play a role by acting in pro-
tein/protein interactions. Although many of these residues
were located in the vicinity of the positive electrostatic patch,
others were located on other faces of the TAF6C, suggesting
that the TAF6C could mediate multiple interactions.
We decided to mutate these residues facewise (i.e. each

face of the TAF6C paving stone being mutated indepen-
dently from the others) in the human protein to investigate
the role of each face of the TAF6C domain. Due to the pres-
ence of several conserved residues on all faces, multiple res-

FIGURE 2. Structure of TAF6C domain. A, ribbon representations of the A. locustae TAF6C domain using three different views. �-Helices are colored red, and
the loops connecting them are colored yellow. The five HEAT repeats composing the domain are labeled (HEAT1 to HEAT5). The different helices composing
these HEAT repeats are labeled in the middle view according to the nomenclature used in Fig. 1B. B, electrostatic potential at the surface of the A. locustae
TAF6C domain. The electrostatic potentials �7 and �7 kBT (kB, Boltzmann constant; T, temperature) are colored red and blue, respectively. The orientation
of the protein in each view corresponds to the one showed in panel A. A clear positive electrostatic patch is observed in the surface represented in the lower
view. C, detail of the residues participating in the positive electrostatic patch (A. locustae numbering). For clarity, the orientation of the structure is slightly tilted
from the one used in the views of the lower panels in A and B. The figure was made by using GRASP (54) and PyMOL (55).
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idues were initially mutated together. Another mutant was
made according to a known mutant from the literature (48).
Finally, two single mutants were made that involved half-
buried and perfectly conserved residues. All mutants are
listed in Table 2, and their locations are shown in Fig. 1B. To
test the effect of these mutants, we used the TAF6-TAF9
complex, which is supposed to assemble through the histone
fold motif of these two proteins, as well as the TAF5-TAF6-
TAF9 complex, which appears to be sufficient to form the
three-lobed structure of TFIID and is important for human
TFIID assembly (22).
The humanTAF6-TAF9 andTAF5-TAF6-TAF9 complexes,

containing either wild type or mutated TAF6, were reconsti-
tuted by co-expressing all full-length proteins in insect cells
using the baculovirus expression system. All TAF6 proteins
(wild type andmutated) contained a FLAG tag for affinity puri-
fication. All the TAF6 mutants were expressed and soluble,
showing that the mutations do not affect solubility of TAF6
(Fig. 4A). After affinity purification, the complexes were ana-

lyzed by SDS-PAGE and Coomassie Blue staining. From this
initial analysis, the exact amounts of sample to be loaded on an
SDS gel were estimated to keep the quantity of the different
TAF6 proteins constant. This second gel was then used for
Western blotting TAF9 and, if necessary, TAF5, thus enabling
quantification of the relative abundance of each subunit in the
complex.
None of the mutants showed a complete loss of interaction

withTAF9 orTAF5-TAF9. Surprisingly, however, in the case of
the TAF6-TAF9 complex, all mutants showed a weakening of
the interaction because lower amounts ofTAF9were co-immu-
noprecipitated with the TAF6 mutants than with the wild type
protein (Fig. 4, A and B). Specifically, the two mutants with
single point mutations (mutants m7 andm8) showed the larger
decrease of interaction with TAF9. The residues mutated in
these twomutants are highly conserved residues inTAF6C and,
contrary to most of the residues mutated in the other mutants,
these residues are half-buried within the domain. It might
therefore well be that these residues affect locally the structure
of the TAF6C and cause a stronger effect on the complex than
what would be expected by weakening direct interactions
between the two partners. Nonetheless, altogether these results
suggested that the TAF6C domain also participates in the over-
all interaction between TAF6 and TAF9.
We then analyzed the effect of the same mutants in the con-

text of the TAF5-TAF6-TAF9 complex. Once again, none of
the mutants caused a complete dissociation of the complex.
However, all mutants were responsible for a weakening of the
interaction because lower amounts of both TAF5 and TAF9
were co-immunoprecipitated with TAF6 mutants when com-
pared with the wild type TAF6 (Fig. 4, C and D). Importantly,
some of the mutants appeared to have different effects when
introduced in the context of either the TAF6-TAF9 complex or
the TAF5-TAF6-TAF9 complex. Firstly, mutant m1, which
already reduced by more than 2-fold the quantity of TAF9
bound to TAF6 in the context of the dimeric complex,
appeared to have an even stronger effect on TAF9 binding in
the trimeric complex. Interestingly, this mutation had less
effect on TAF5 binding, suggesting that TAF5 interaction
with the TAF6-TAF9 complex may somehow weaken the
interaction between these two HFTs, thus leading to a stron-
ger loss of TAF9 (Fig. 4).
In contrast, the effect of themutants m7 andm8, which were

the most deleterious for the TAF6-TAF9 complex, was much
milder for the ternary complex. As already mentioned, these
two mutants could have destabilized, at least partially, the
structure of the TAF6C, and thus have an indirect effect on

FIGURE 3. Electrostatic potential at the surface of A. locustae, H. sapiens,
and S. cerevisiae TAF6C domains. The electrostatic potentials �7 and �7
kBT (kB, Boltzmann constant; T, temperature) are colored red and blue, respec-
tively. The structures used for the calculations are those of A. locustae TAF6C
crystallographic structure and the modeled structures of H. sapiens and
S. cerevisiae TAF6C domains built by homology using the A. locustae struc-
ture. The two orientations showed correspond to the upper and lower orien-
tations of A. locustae TAF6C displayed in Fig. 2B. A clear conserved positive
patch is observed in the three proteins in panel B. In contrast, the other side of
the protein (panel A) does not seem to have conserved electrostatic features.

TABLE 2
Facewise mutations in full-length human TAF6

Mutant Mutation(s)
Symbol
(Fig. 1B) Based on

m1 H214A/E215A/S217A/E219A/Q220A/Q221A/L222A/Y223A/K225/E226A/
E229A/D249A/Q254A/R258A

* Conservation and surface exposure

m2 Insertion of two tyrosines between Thr-228 and Glu-229 YY Phenotype in Caenorhabditis elegans
m3 R284A/K287A/D291A/D331A/R335A/Q339A & Surface exposure
m4 E298A/K299A/Y300A/H302A/E303A # Conservation and surface exposure
m5 P306A/T310A/V313A/S314A/R315A § Conservation and surface exposure
m6 R315A/Q316A/K357A/T358A/K361A @ Conservation and surface exposure
m7 R330P P Conservation
m8 Y374A A Conservation
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TAF9 binding. In the context of the ternary complex, binding of
TAF5 to TAF6 could stabilize TAF6C and thus restore binding
of TAF9 to TAF6. In agreement, not only TAF9 binding, but
also TAF5 binding to TAF6, was less affected.
The remaining mutants (m2 to m6) affected more strongly

TAF5 binding, with a loss of about 60% of the bound protein
(Fig. 4, C and D). Interestingly, these mutants can be split into
two classes when considering their effect on TAF9 binding in
the context of the TAF5-TAF6-TAF9 ternary complex. First,
mutants m2 and m3 showed similar amounts of TAF9 binding
as in the context of the dimeric complex. This suggests that the
effect of these mutants on TAF5 and TAF9 binding is not cou-
pled, i.e. that the mutants affect nonoverlapping binding sur-
faces for TAF5 and TAF9. Contrasting with mutants m2 and
m3, mutants m4, m5, andm6 show a decrease of TAF9 binding
when compared with their effect on the TAF6-TAF9 complex.
This effect appears, however, not as strong as for mutant m1
but, once again, speaks in favor of a destabilization of theTAF6-
TAF9 complex upon binding of TAF5, suggesting structural
rearrangements occurring during TFIID assembly. Of note,

mutants m4, m5, and m6 are located on the surface of TAF6C
that has a strong positive charge.
Binding of Human TAF5 Modulates the Interaction between

Human TAF6 and TAF9—The results obtained by these initial
mutational studies apparently imply an unexpected role of
TAF6C in TAF9 binding, which appears further modulated by
TAF5 binding. Most of the mutants considered, however, were
composed of a large number ofmutations, suggesting that these
strong changes could have, in fact, an indirect effect on dimeric
and trimeric complex formation (e.g. due to a large change of
the overall electrostatic charge of TAF6). To address this issue,
we decided to create mutants with single point mutations that
should have less of an effect on the physicochemical properties
of the TAF6 protein. The residues to be mutated were chosen
within the initialm1 andm5mutants that showed strong, albeit
different effects on TAF5 and TAF9 binding. The choice was
also made considering the position of the residues to be
mutated, looking for fully exposed residues, but also for resi-
dues that were not conserved between the TAF6 and TAF6L
families. To increase the chances that these single mutations

FIGURE 4. Effect of mutants with multiple amino acid changes in H. sapiens TAF6 on TAF6-TAF9 and TAF5-TAF6-TAF9 complex formation. A, Coomassie
Blue staining of TAF6 and Western blotting of TAF6 and TAF9 from baculovirus-expressed and immunopurified FLAG-TAF6-TAF9 human complexes, isolated
upon FLAG tag purification. The different lanes correspond to complexes incorporating full-length human TAF6, either wild type (WT) or with various
mutations (m1 to m8). Each mutant harbors multiple amino acid changes (except for m7 and m8) described in Table 2. Inputs are displayed on the right side of
the panel. B, graph displaying the amount of TAF9 (assessed upon quantification of the TAF9 Western blotting) bound to TAF6 upon complex formation in the
presence of the WT or different m1–m8 mutants of TAF6. C, same as in panel A in the case of baculovirus-expressed and immunoprecipitated TAF5/FLAG-
TAF6-TAF9 complexes isolated upon FLAG tag purification. Inputs are displayed on the right side of the panel. D, graph displaying the different amounts of TAF5
and TAF9 (assessed upon quantification of the TAF5 and TAF9 Western blots) bound to TAF6 upon complex formation in the presence of the WT or different
m1–m8 mutants of TAF6. Error bars in panels B and D represent � S.D.
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would still show an effect on complex formation, we decided to
introduce larger changes than only alanines, either with bulkier
side chains or, when applicable, residues observed in the human
TAF6L protein (mutants are shown in Table 3, and their loca-
tions are shown in Fig. 1B).
In contrast to the results with the first set ofmutants, analysis

of the effect of these new single pointmutants on the formation

of the TAF6-TAF9 complex revealed that the mutations intro-
duced hardly have any influence (Fig. 5, A and B). Mutant m9
(R315A) appears the only exception, causing a decrease of
TAF9 binding, suggesting an important role for this residue in
the formation of the TAF6-TAF9 complex. In strong contrast,
introduction of these new single pointmutants in the context of
the TAF5-TAF6-TAF9 complex shows drastic effects on com-
plex formation, affecting both TAF5 and TAF9 binding (Fig. 5,
C andD). These results reinforce the idea that TAF5 binding to
the TAF6-TAF9 complex causes destabilization of this latter
complex and also suggest that exposed TAF6L residues could
serve to discriminate between TAF5 and TAF5L in metazoans.
In Vivo Importance of the TAF6C Domain—We next investi-

gated whether the TAF6 mutants would incorporate in human
TFIID complex. For this purpose, vectors expressing FLAG-
tagged human TAF6, either wild type or mutant forms, were

FIGURE 5. Effect of mutants with single amino acid changes in H. sapiens TAF6 on TAF6-TAF9 and TAF5-TAF6-TAF9 complex formation. A, Coo-
massie Blue staining of TAF6 and Western blotting of TAF6 and TAF9 from baculovirus-expressed and immunopurified human TAF6-TAF9 human
complexes. The different lanes correspond to complexes incorporating full-length human TAF6 either with WT or with single mutations (m9 to m16).
Each mutant is described in Table 3. Inputs are displayed on the right side of the panel. B, graph displaying the amount of TAF9 (assessed upon
quantification of the TAF9 Western blotting) bound to TAF6 upon complex formation in the presence of the WT or different m9 –m16 mutants of TAF6.
C, same as in panel A in the case of baculovirus-expressed TAF5-TAF6-TAF9 complexes isolated upon FLAG tag purification of TAF6. Inputs are displayed
on the right side of the panel. D, graph displaying different amounts of TAF5 and TAF9 (assessed upon quantification of the TAF5 and TAF9 Western blots)
bound to TAF6 upon complex formation in the presence of the WT or different m9 –m16 mutants of TAF6. Error bars in panels B and D represent � S.D.

TABLE 3
Single point mutations in full-length human TAF6

Mutant Mutation Based on

m9 R315A Loss of charge
m10 S314E TAF63 TAF6L
m11 T310K Bulkier
m12 T310Y TAF63 TAF6L
m13 P306K Bulkier
m14 L222K TAF63 TAF6L
m15 E219R Inversion of charge
m16 V313K Bulkier
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transfected in HeLa cells. 48 h after transfection, whole cell
extracts (WCEs) were prepared, and anti-FLAG purifications
were carried out to test how the exogenously expressed TAF6
proteins incorporate in TFIID complexes. Only mutant m1,
which harbored many mutations, was not considered for this
study.
Surprisingly, when analyzing the overexpression levels of the

transfected FLAG-tagged mutants in WCEs in comparison
with endogenous TBP levels, we reproducibly observed lower
amounts of several mutants when compared with the overex-
pressed wild type TAF6 (Fig. 6, A and B). This suggests that the
mutations might cause partial misincorporation of TAF6 in
endogenous TFIID and would thus lead to its partial
degradation.
Nevertheless, we further analyzed somemutants by carrying

out FLAG purification to test their capability to incorporate in
endogenous TFIID complexes. Three mutants were chosen
according to their increasing stability in HeLa cells: m3, m6,
and m9. Analysis byWestern blotting for the presence of other
TFIID subunits in these anti-FLAG immunoprecipitations did
not reveal a total loss or strong diminution of these subunits,
with a possible small effect on TAF5 for mutants m6 and m9
(Fig. 6C), suggesting that stabilization of the TAF6 mutants
occurs upon complex formation. Taken together, these obser-
vations suggest that the observed diminution of the quantities
of eachmutant ismost likely due to the difficulties encountered
by the mutants to be incorporated into endogenous TFIID,
leading to their partial degradation, a phenomenon already
observed upon knockdown of different TFIID subunits in Dro-
sophila (26).
Due to the complexity of TFIID assembly, it is difficult to

directly compare these in vivo results with the ones obtained on
the reconstitution of the TAF6-TAF9 and TAF5-TAF6-TAF9
subcomplexes by overexpression in insect cells. However, one
important aspect concerns the results obtained with TAF6 sin-
gle point mutants. We showed that these mutants had little
effect on TAF6-TAF9 complex formation but, unexpectedly,
had strong effects on TAF5-TAF6-TAF9 complex formation
(Figs. 4 and 5). In the in vivo context, these mutants also appear
to show an effect, albeit less pronounced than themutants with
several mutations. Thus, results obtained on the TAF6-TAF9
and TAF5-TAF6-TAF9 subcomplexes appear to be confirmed
in vivo (Fig. 6D).

DISCUSSION

Numerous biochemical and structural studies have shown
that the histone fold motif plays a major role in TFIID and
SAGA assembly, enabling the formation of five distinct his-
tone-like pairs (9, 11–17, 20). Interestingly, almost all HFTs
harbor various additional regions that most likely convey
structural and/or functional roles. For instance, the metazo-
an-specific TAF3 PHD domain and TAF4 homology domain
(TAFH) have been shown to recognize epigenetic marks and
activators (6, 7, 49–51). Other additional regions of HFTs
have been conserved throughout eukaryotic evolution and
are more likely to be involved in broader structural and func-
tional roles of TFIID. These roles, however, remain to be
determined.

We provide here results on the structure and the role of one
of these conserved additional regions in the C-terminal region
of TAF6. This region, which immediately follows the histone
fold motif of TAF6, can be divided in two domains: a small
middle domain (TAF6M), which is separated from a larger
C-terminal domain (TAF6C) by a loop varying in sequence and
in length. The structure of the TAF6C domain fromA. locustae
reveals that this domain is composed of five HEAT repeats that
appear conserved from yeast to human. HEAT repeats (and the
related ARM repeat) are known protein/protein interaction
motifs that are repeated many times in a wide variety of pro-
teins, forming superhelices that interact extensively with their
target proteins (47). These motifs are also used by other tran-
scriptional effectors to bind their targets, as shown recently for
the Iws1 and Mot1 proteins (44, 52).
Importantly, our mutational analyses suggest that the

TAF6C domain modulates the TAF6/TAF9 interaction. This
modulation provides a more dynamic view of HFT assembly.
Clearly, the TAF6C domain is not the driving force of the inter-
action between TAF6 and TAF9. Indeed, the human TAF6�
isoform is not able to interact with TAF9, although it still har-
bors the TAF6C domain (27). In addition, our mutations are
only weakening the interaction between these two TAFs. The
molecular basis for this modulation is not clear. One possibility
could be that the TAF6C domain interacts directly with the
histone-like pair. Another possibility could be that TAF6C/
TAF6C interactions stabilize the TAF6-TAF9 complex. It can-
not be excluded that a combination of these two possibilities is
at work for modulating the TAF6/TAF9 interaction.
Moreover, the addition of TAF5 to the TAF6-TAF9 complex

appears to enhance the modulator effect of TAF6C. Indeed,
single pointmutants of TAF6C exert an effect on the formation
of the TAF6-TAF9 complex only when TAF5 is present. This
result highlights once again the importance of TAF5 for TFIID
assembly. Specifically, TAF5 is essential for the formation of a
larger TFIID subcomplex containing most HFTs and contrib-
utes to the three-lobed architecture of TFIID (22). In addition,
TAF5 is the only non-HFT subunit of TFIID shared with yeast
SAGA. Interestingly, single point mutants, where residues of
human TAF6 (TFIID-specific) are changed into residues pres-
ent in human TAF6L (SAGA-specific), also show strong effects
upon TAF5 binding (mutants m10, m12, and m14). Consider-
ing that in humans, TFIID-specific TAF5 is replaced by SAGA-
specific TAF5L, our results suggest that specific residues of
TAF5L most likely accommodate the changes observed
between TAF6 and TAF6L. Thus, human SAGA, in contrast to
yeast SAGA, seems to have evolved specific TAFs for dedicated
functions.
Importantly, overexpression of the various mutants, but not

of wild type TAF6, in HeLa cells appears to affect TAF6 stabil-
ity, suggesting that these mutants are poorly incorporated into
TFIID and partially degraded, as already observed upon knock-
down of specific TAFs in Drosophila (26). Interestingly, even
the single point mutants of TAF6 are affected, thus paralleling
and corroborating the results obtained with these mutants
upon reconstitution of the TAF5-TAF6-TAF9 complex.
The experiments with the Drosophila melanogaster TAFs

also suggested that the TAF6 C-terminal region is not required
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for TFIID assembly (26). In these experiments, the Drosophila
TAF6 was divided into an N-terminal part and a C-terminal
part. TheN-terminal part, whichwas shown to be necessary for
TFIID assembly, is in fact composed of the histone fold motif,
the TAF6M domain, the following loop, and the first HEAT

repeat of the TAF6C domain. Therefore, it is difficult to delin-
eate a clear picture from these experiments. Notably, it remains
unclear which part of TAF6 is really required for TFIID assem-
bly. Specifically, our mutants located in the first HEAT repeat
(m1, m2, m14, and m15) show strong effects on the stability of

FIGURE 6. Multiple and single amino acid mutations in the H. sapiens TAF6C domain affect TAF6 stability and endogenous TFIID assembly in HeLa
cells. A, eukaryotic expression vectors expressing the indicated FLAG-tagged TAF6 wild type and different mutant proteins (see also Tables 2 and 3) were
transfected into HeLa cells. 48 h following transfection, cells were collected, and WCEs were made. WCEs were normalized by Western blot analysis for equal
TBP amounts (lower panel), and then the expression of wild type and mutant FLAG-tagged TAF6 proteins was analyzed by Western blot using an anti-FLAG
antibody. Ctrl, control. B, several representative blots were scanned, and the quantities of FLAG-tagged wild type and mutant TAF6 proteins are represented
in the graphs. The y axis shows arbitrary units. Error bars represent � S.D. C, FLAG-TAF6-containing TFIID complexes were purified from HeLa WCEs by an
anti-FLAG immunoprecipitation and analyzed by Western blotting for the presence of various subunits (as indicated). Wild type FLAG-TAF6 and the tested
mutants are able to incorporate in TFIID complexes. D, model summarizing the influence of the TAF6C domain and the TAF5 protein on TAF6-TAF9 assembly.
The model has been established with the structure of the Drosophila TAF6-TAF9 histone-like pair (Protein Data Bank (PDB) 1TAF) and the A. locustae TAF6C
structure (this study; PDB 4ATG). HFD, histone fold domain.
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the TAF5-TAF6-TAF9 complex. Because the human TAF6�
isoform is incorporated within TFIID, but not TAF9 (27), this
suggests in fact that the TAF6M domain and the first HEAT
repeat of the TAF6C domain are the most important regions of
TAF6 for its incorporation within TFIID. In agreement, knock-
down of Drosophila TAF9 does not lead to any degradation of
TAF6, whereas knockdown of TAF1, TAF2, TAF4, or TAF5
causes almost complete disappearance of Drosophila TAF6 in
WCEs (26).
Although the remaining HEAT repeats of TAF6C appear,

from the Drosophila experiments, to be nonessential for TAF6
incorporation in TFIID, it cannot be excluded that these
repeats also participate, albeit less strongly, in this incorpora-
tion. Our mutational data suggest such a role. On the other
hand, because HEAT repeats are protein/protein interaction
motifs, theymay also be involved in other kinds of interactions.
Specifically, these repeats could, in the context of the full
TFIID, interact with TFIID protein partners and/or DNA.
Because themiddle HEAT repeats of TAF6C define the surface
having a strongly conserved positive electrostatic charge, it is
likely that this surface is engaged in such interactions. Because
our mutational data suggest structural rearrangements occur-
ring at the TAF6/TAF9 interface upon TAF5 binding, it is
tempting to speculate that binding of other TAFs, transcrip-
tional effectors, and/or DNA to TAF6Cmight also trigger con-
formational rearrangements (Fig. 6D).
In agreement, it is interesting to note that binding of

TFIID to DNA upon recruitment by Rap1 and in the pres-
ence of TFIIA induces conformational changes within TFIID
(8). Thus, conformational rearrangements between sub-
units, as suggested by our data in the case of the formation of
the TAF5-TAF6-TAF9 subcomplex, could be essential. The
possibility to change from one conformation to another
upon recognition of a biological target could facilitate major
rearrangements and be of paramount importance for TFIID
and SAGA function.
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